INTRODUCTION
P orphyromonas gingivalis has been implicated as a major pathogen in the development and progression of periodontitis (Socransky and Haffajee, 1992) . This bacterium possesses a large number of potential virulence factors such as fimbriae, hemagglutinin, lipopolysaccharide (LPS), and various proteases (Holt et al., 1999) . LPS is known to induce not only inflammatory responses but also bone resorption by enhancing osteoclastogenesis via osteoblast-mediated activities. When osteoblasts are stimulated with Escherichia coli LPS, the expression of receptor activator of NF-B ligand (RANKL) is up-regulated, and the expression of osteoprotegerin (OPG), which acts as a decoy receptor for RANKL, is down-regulated (Kikuchi et al., 2001; Suda et al., 2004) . Furthermore, interleukin (IL)-6, which functions in the induction of osteoclast activity and subsequent bone resorption (Kotake et al., 1996) , is released by osteoblasts upon stimulation with E. coli LPS (Kwan Tat et al., 2004) . Moreover, osteoblasts release a series of chemokines-such as monocyte chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1␣, RANTES (Regulated on activation, normal T-cell expressed, and secreted)-that recruit osteoclast precursors and directly enhance osteoclast formation through a pathway dependent on the presence of RANKL (Jiang and Graves, 1999; Yu et al., 2004; Kim et al., 2005) .
In contrast to the observation of significant destruction of bone with inflammatory conditions of the oral cavity, root resorption is rarely seen under inflammatory conditions. Cementum is a thin mineralized tissue covering the tooth root surface and an important component of the periodontal attachment apparatus. Although cementum shares many properties with bone, most notably a remarkable similarity in biochemical composition, it has yet to be established whether cementoblasts and osteoblasts have a common precursor cell. Cementum differs from bone in its histology by lacking innervation and vascularization. Furthermore, cementum has limited remodeling potential when compared with bone, where a system consisting of osteoblasts, osteocytes, bone-lining cells, and osteoclasts is required (Saygin et al., 2000; Bosshardt, 2005) .
Our laboratory developed an immortalized murine cementoblast cell line (OCCM-30) that reflects genes and proteins associated with these cells in situ, such as expression of bone sialoprotein, osteocalcin (OCN), and type I collagen (D'Errico et al., 2000) . Previously, we reported that, similar to osteoblasts, OCCM-30 expresses Toll-like receptor (TLR) -2 and -4, and that, further, upon exposure of OCCM-30 to P. gingivalis LPS, genes associated with cementum formation are altered (Nociti et al., 2004) . P. gingivalis LPS has been reported to contain an unusual amount of lipid A heterogeneity , and has been shown to have the ability to utilize TLR-2 or TLR-4 (Hajishengallis et al., 2002; Zhou et al., 2005) . We have generated two different structural types of lipid A, tetra-and pentaacylated lipid A species designated PgLPS 1435/1449 and PgLPS 1690 , respectively (Reife et al., 2006) .
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These observations led us to investigate whether PgLPS 1690 and PgLPS 1435/1449 affect osteoclastogenesis-associated gene expression of cementoblasts.
MATERIALS & METHODS

Reagents
Monoclonal antibodies (mAb) for mouse/human TLR-2 (T2.5, mouse IgG1) and mouse TLR-4/MD-2 (MTS510, Rat IgG2a), and isotype-matched control IgGs, were purchased from eBioscience (San Diego, CA, USA). Ascorbic acid (AA) and Escherichia coli LPS 0111:B4 LPS were purchased from Sigma (St. Louis, MO, USA).
Cells
An immortalized murine cementoblast cell line, OCCM-30, was established by the isolation of tooth root-surface cells from transgenic mice containing an SV40 large T-antigen under the control of the OCN promoter (D'Errico et al., 2000) . Cells were maintained in DMEM (Gibco, Rockville, MD, USA) plus 10% FBS and antibiotics. All procedures were approved by the University of Washington, Committee on Use and Care of Animals, and were in compliance with state and Federal laws.
Purification of PgLPS 1435/1449 and PgLPS 1690
The PgLPS 1435/1449 was purified from P. gingivalis ATCC 33277 by the MgCl 2 /ETOH procedure . PgLPS 1690 was obtained by the phenol water procedure (Westphal and Jann, 1965) and treated for the removal of trace amounts of endotoxin protein, and then subjected to SDS-PAGE and stained for protein by the enhanced colloidal gold procedure (Manthey and Vogel, 1994) . The colloidal gold procedure revealed less than 0.1% protein contamination, based upon the amount of LPS loaded onto the gel and the relative intensity of the major protein band to known BSA standards. Gas chromatography/mass spectrometry of the fatty acids present in the PgLPS 1690 preparation was performed, and the identification of all the peaks found in the preparation after transmethylation was performed by identification of the mass spectral patterns . Matrix-assisted laser desorption-time-of-flight mass spectroscopy was performed (Guo et al., 1997) and revealed one major cluster of lipid A structures centered around a mass of PgLPS 1690 .
Reverse Transcription and Real-time Quantitative PCR
Total cellular RNA was extracted with the use of Trizol ® reagent (Gibco) according to the manufacturer's instructions, and was DNase-treated (DNA-free TM , Ambion Inc., Austin, TX, USA). The transcription of total RNA into cDNA was carried out with the use of a Transcriptor First Strand cDNA Synthesis Kit ® (Roche Diagnostic Co., Indianapolis, IN, USA) according to the manufacturer's instructions. Primers were designed with the use of LightCycler probe design software (Roche Diagnostics GmbH, Mannheim, Germany), and primer sequences for each gene, IL-6, MCP-1, MIP-1␣, RANTES, RANKL, OPG, and GAPDH were as follows (forward/reverse): IL-6 (ACTGATGCTGGTGACA/GC AAGTGCATCATCGT); MCP-1 (CTCGGGCAGCTAGAAT/GG CGTTGTGATGCAAA); MIP-1␣ (GGAAGATTCCACGCCAA/ CCTCGATGTGGCTACT); RANTES (GAAGGAACCGCC AAGT/CCGATTTTCCCAGGACC); RANKL (CATCGGGTT CCCATAAAGTC/TTGCCCGACCAGTTTTTC); OPG (TGAATGCCGAGAGTGTAG/CTGCTCGCTCGATTTG); GAPDH (ACCACAGTCCATGCCATCAC/TCCACCACCC TGTTGCTGTA). The amplification profile was 95/0; 55/7; 72/20 [temperature (°C)/time (sec)], with a slope of 20°C/sec and 43 cycles. PCR was performed in a LightCycler system (Roche Diagnostic GmbH) with the FastStart DNA Master SYBR Green I kit (Roche Diagnostic Co.), with optimization of 3 mM MgCl 2 and 0.5 M primer. Reaction product was quantified (Roche Quantification Software, Roche Diagnostics GmbH) with GAPDH as the reference gene.
Preparation of Cell Lysates
Confluent cells cultured in 35-mm-diameter culture dishes were harvested with a cell scraper and subjected to lysis in 100 L of cell lysis buffer (10 mM phosphate buffer [pH 7.0], 150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF). After lysis, cells were incubated on ice for 30 min, followed by centrifugation at 12,000 x g for 10 min, and then the supernatants were collected and stored at -20°C. The protein concentration of cell lysates was measured by DC Protein Assay ® (Bio-Rad Laboratories, Hercules, CA, USA).
Enzyme-linked Immunosorbent Assay (ELISA)
Supernatants from cell cultures were harvested by centrifugation, and kept at -20°C. The amounts of OPG, MCP-1, IL-6, RANTES, and MIP-1␣ in the supernatants and RANKL in the cell lysate (50 g) were measured by means of mouse ELISA kits (R&D Systems Inc., Minneapolis, MN, USA). The assays were performed precisely as instructed by the ELISA manufacturer.
NF-B Luciferase Assay
The NF-B firefly luciferase reporter construct pNF-B-TA-Luc was obtained from BD Bioscience Clontech (Palo Alto, CA, USA).
The ␤-actin-Renilla luciferase reporter construct was generously provided by C. Wilson (University of Washington, Seattle). Cells were seeded in a 24-well plate at a density of 1 x 10 5 cells per well one day before transfection. The cells were transiently cotransfected with 0.4 g of pNF-B-TA-Luc and 0.01 g of p␤actin-Renilla Luc by means of LipofectAMINE2000 TM (Invitrogen, San Diego, CA, USA) as described previously (Coats et al., 2003) . Eighteen hours after the transfection, the transfected cells were stimulated with activators as indicated in the text. Following 5 hrs of stimulation in DMEM with 10% FBS, the cells were rinsed with PBS, subjected to lysis with 100 L of passive lysis buffer, and analyzed with a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) as instructed by the manufacturer. Data are presented as means ± standard deviations (SD) of triplicate experiments.
Statistical Analysis
Experimental values are given as means ± SD. The significance of differences between control and treatments was evaluated by oneway ANOVA.
RESULTS
Effect of P. gingivalis LPS on Gene and Protein Expression
Cells were exposed to 1 g/mL of PgLPS 1435/1449 or PgLPS 1690 and then examined for changes in selected transcripts, over a 24-hour period, by quantitative RT-PCR. Expression of RANKL and chemokines/cytokines rapidly increased, with a peak point of 3 hrs noted for cells exposed to PgLPS 1690 , while for PgLPS 1435/1449 a minimal effect on expression of these genes was noted. Induction of these genes declined rapidly, except for RANTES, which exhibited a slow decline. The expression of OPG was not altered significantly among the various treatments (Fig. 1A) . Cementoblast response to E. coli (Ec) LPS was similar in terms of RANKL and OPG (Fig. 1B) . ELISA analysis revealed that RANKL, MCP-1, IL-6, RANTES, and MIP1-␣ protein levels were rapidly (3-6 hrs) and significantly induced after stimulation with PgLPS 1690 , with only slight induction upon stimulation with PgLPS 1435/1449 noted. OPG protein levels were induced over time in untreated cells, with no changes by either PgLPS 1690 or PgLPS 1435/1449 (Fig. 2) . Interestingly, a rapid decrease of RANKL was observed after 6 hrs, unlike other factors examined. This was probably due to shedding of RANKL by endogenous enzymes following cell activation, as reported in T-lymphocytes (Hikita et al., 2005) , and/or related to the increase in OPG secretion with time. These results suggest that both P. gingivalis LPSs have the potential to promote osteoclastogenesis, with a more dramatic impact for PgLPS 1690 vs. PgLPS 1435/1449 .
Effects of Anti-TLR-2 and TLR-4 mAbs on NF-B Activation
Since P. gingivalis LPS has been reported to interact with both TLR-2 and -4 Zhou et al., 2005) , and cementoblasts express both receptors (Nociti et al., 2004) , we focused on determining whether these receptors were involved in P. gingivalis LPS-mediated response. Cells were transiently transfected with an NF-B-luciferase reporter construct, and blocking experiments with mAbs were performed. E. coli LPS and peptidoglycan were used as specific ligand controls for TLR-4 and TLR-2, respectively. NF-B activation by E. coli LPS was significantly inhibited by TLR-4 mAb, which neutralized TLR-4 signaling (Kikuchi et al., 2001) , and activation by peptidoglycan was completely inhibited by TLR-2 mAb. NF-B activation by PgLPS 1690 was almost completely inhibited by TLR-2 mAb ,but not by TLR-4 mAb, and, further, the combination of both mAbs showed no additional effect (Fig. 3) . A similar inhibitory pattern was observed for PgLPS 1435/1449 -treated cells, although NF-B activation was induced slightly. These results indicate that PgLPS 1690 and PgLPS 1435/1449 acted on cementoblasts through a TLR-2-dependent pathway. Next, we examined whether the changes in gene expression mediated by P. gingivalis LPS were inhibited by TLR-2 mAb. PgLPS 1690 -mediated induction of RANKL, IL-6, and RANTES was markedly inhibited by pre-treatment with TLR-2 mAb, but not with TLR-4 mAb. Pre-treatment with both mAbs showed no additional effect. Although the induction of these genes by PgLPS 1435/1449 was weak, a similar inhibitory pattern was observed (Fig. 4) .
DISCUSSION
We showed that osteoclastogenesisassociated chemokines/cytokines and RANKL were rapidly induced in cementoblasts upon stimulation with PgLPS 1690 , and that this effect was mediated through the TLR-2 signaling pathway. OPG was constitutively expressed by cementoblasts, and was not significantly altered by P. gingivalis LPS stimulation.
Previous studies with murine osteoblasts have shown that the expression of RANKL is rapidly induced upon stimulation by E. coli LPS via TLR-4 (Kikuchi et al., 2001; Suda et al., 2004) . Analysis of existing data indicates that osteoblasts have the potential to release various chemokines/cytokines when stimulated with proinflammatory cytokines or LPS. These chemokines/cytokines have been shown to induce osteoclastogenesis directly or indirectly by the mechanism described previously in the INTRODUCTION. Our findings indicated that, when cementoblasts were exposed to inflammatory stimuli, they responded in a similar fashion to osteoblasts in terms of stimuli-mediated induction of proteins/genes associated with osteoclast activation, as well as the recruitment of osteoclastic precursors, suggesting that cementoblasts have the potential to enhance osteoclastogenesis during periodontal disease in a manner comparable with that of osteoblasts.
However, and in seeming contrast to osteoblasts, two lines of evidence indicate that cementoblasts may protect the tooth root surface from resorption during times of local LPS challenge. First, it was shown that OPG was expressed by cementoblasts constitutively, and the gene and protein levels were not altered upon stimulation with LPS. In contrast, OPG expressed by osteoblasts has been reported to be suppressed by E. coli LPS (Suda et al., 2004) , rendering this cell type less effective for inhibiting bone or tooth resorption. This is unlikely to represent a TLR-2 vs. TLR-4 phenomenon, considering that E. coli and P. gingivalis LPS exhibited similar effects in terms of RANKL/OPG. Second, the rapid appearance of RANKL and slow increase in OPG by cementoblasts suggest that RANKL-dependent osteoclast formation mediated by MIP1-␣ and RANTES (Yu et al., 2004 ) may be inhibited further, preventing osteoclast formation near the tooth root surface. In addition, osteoclasts from the blood may favor migration to the well-vascularized surrounding bone vs. the avascular cementum. These results are consistent with the clinical observations that osteoclast-mediated root resorption is rarely linked to periodontal disease, even at a stage of severe disease with marked bone loss. Therefore, differences in the regulation of OPG by osteoblasts vs. cementoblasts, while speculative at this point, may be related to protection of the tooth root surface in response to LPS. Future studies, using a co-culture system of osteoclastic precursors with cementoblasts METHODS. Eighteen hours later, transfectants were pre-treated with 20 g/mL of anti-TLR-2 and -4 mAbs, as well as with 20 g/mL of control Abs, for 30 min, followed by stimulation with E. coli LPS (10 ng/mL), peptidoglycan (1 g/mL), PgLPS 1690 (1 g/mL), or PgLPS 1435/1449 (1 g/mL) for 5 hrs. Cells were harvested, and luciferase activity was measured. Values were calculated as fold increase of relative luciferase units (firefly luciferase/Renilla luciferase) compared with the nonstimulated control response, which was set at 1. Representative data of 3 separate experiments are shown as means ± SD of triplicate assays. Statistical significance is shown (*P < 0.05 vs. control).
or other cell types, including osteoblasts, in the presence or absence of LPS, may enable us to verify the validity of our hypothesis.
TLR-4 is the principal signal transducer for most types of LPS, while analysis of existing data suggests that TLR-2 is a signal transducer for other bacterial components, such as peptidoglycan and lipoprotein (Takeuchi et al., 1999) . However, P. gingivalis LPS is unusual, in that it has been reported to be an agonist for both TLR-2 and -4 (Hajishengallis et al., 2002; Darveau et al., 2004; Zhou et al., 2005) . Here, it was shown that both the PgLPS 1435/1449 and PgLPS 1690 activated NF-B in cementoblasts through the TLR-2 pathway. In another ongoing study from our group, we observed that PgLPS 1690 stimulated E selectin expression on human endothelial cells, whereas PgLPS 1435/1449 did not, and, furthermore, that it blocked E selectin expression in response to PgLPS 1690 (Reife et al., 2006) . These findings demonstrate that the different P. gingivalis LPS lipid A structural types activate different cementoblast activation pathways.
In conclusion, we report for the first time that cementoblasts potentially participate in the recruitment of osteoclastic precursors by inducing chemokines/cytokines during periodontitis. In addition, constant expression of OPG in cementoblasts may play a critical role in protecting the tooth from osteoclast activity under physiological conditions such as stress associated with mastication, as well as under pathological conditions.
